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The heptameric Nup84 complex constitutes an evolutionarily conserved
building block of the nuclear pore complex. Here,we present the crystal
structure of the heterotrimeric Sec13Nup145CNup84 complex, the
centerpiece of the heptamer, at 3.2-Å resolution. Nup84 forms a
U-shaped -helical solenoid domain, topologically similar to two
othermembersof theheptamer,Nup145CandNup85. The interaction
betweenNup84andNup145C ismediatedviaahydrophobic interface
located in the kink regions of the two solenoids that is reinforced by
additional interactions of two long Nup84 loops. The Nup84 binding
site partially overlaps with the homo-dimerization interface of
Nup145C, suggesting competing binding events. Fitting of the elon-
gated Z-shaped heterotrimer into electron microscopy (EM) enve-
lopes of the heptamer indicates that structural changes occur at the
Nup145CNup84 interface. Docking the crystal structures of all hep-
tamer components into the EMenvelope constitutes amajor advance
toward the completionof the structural characterizationof theNup84
complex.
electron microscopy docking  nuclear pore complex 
protein-protein interaction  X-ray crystallography  binding promiscuity
The nuclear pore complex (NPC) represents one of the largestproteinaceous assemblies in eukaryotic cells (60 MDa in
yeast, 120 MDa in vertebrates) and mediates a multitude of
diverse transport events between the nucleus and the cytoplasm
(1, 2). While small molecules are capable of freely diffusing
through the NPC, large particles, such as soluble proteins
exceeding approximately 40 kDa, mRNAs, preribosomal parti-
cles, and viruses, require a signal-mediated active transport
machinery (3–7). A related transport mechanism is responsible
for the import of inner nuclear membrane proteins, which are
synthesized into the endoplasmic reticulum and outer nuclear
membrane (8). In addition to its central role in nucleocytoplas-
mic transport, the NPC is involved in various other important
functions, such as chromatin organization, regulation of tran-
scription, and DNA repair (9–12).
The NPC is composed of approximately 30 different nucleo-
porins (nups), which are organized into several subcomplexes
(13–15). In cells with open mitosis, the NPC is disassembled
either into individual nups or various subcomplexes (16–18). A
prominent example for such a subcomplex is the extensively
studied yeast Nup84 complex. Initially, a hexameric Nup84
complex consisting of Nup84, Nup120, Nup85, Sec13, Seh1, and
Nup145C was isolated by biochemical dissection of strains
containing tagged proteins (19). Subsequently, Nup133 was
identified as a seventh member of the complex isolated under
modified conditions (20–22).
Two-dimensional negative-stain electron microscopy (EM) on
the heptamer assembled from recombinant proteins revealed an
approximately 400-Å-long Y-shaped complex and established
the relative position of its members (21) (Fig. 1A). The seven
nups are arranged in a linear fashion with Nup133 and Nup84 at
the base, the Sec13Nup145C pair in the center, followed by
Nup120 and the Seh1Nup85 pair at the upper arms of the Y.
Optimization of the purification protocol yielded a pure hep-
tamer that allowed negative-stain three-dimensional EM (23).
This analysis identified specific hinge regions at which the
heptamer shows great flexibility, and allowed for the docking of
atomic structures of its components into the EM envelope: the
Nup133 N-terminal domain (24), Nup107Nup133 (Nup107 is
the human homolog of Nup84) (25), Sec13Nup145C (26), and
Seh1Nup85 (27).
Although the conformation of the heptamer as well as its
higher-order organization in the symmetric NPC core is un-
known at present, the heptamers have been suggested to serve
as ‘‘membrane curving modules,’’ similar to the members of the
COPI, COPII, and clathrin coats (28). Interestingly, Sec13 is
shared between the NPC and the COPII cage, where it forms the
outer coat layer in complex with Sec31 (29–33). Remarkably, the
heptamer shares architectural principles with the clathrin triske-
lion (23), and the molecular model of the COPII cage includes
an elongated, curved Sec13Sec31 hetero-octamer that possesses
similar architectural features to the Sec13Nup145C and
Seh1Nup85 hetero-octamers, which indicates a common evolu-
tionary origin and suggests a physiological relevance of the
hetero-octameric assemblies (26–29, 33).
We hypothesized that the elongated, curved Sec13Nup145C
and Seh1Nup85 hetero-octamers form vertical rods in a fence-
like coat for the nuclear pore membrane (26, 27). Most recently,
structural and functional analyses of Nup120 identified an
interaction with Nup133 and confirmed its physiological rele-
vance. These findings indicate a head-to-tail arrangement of
elongated Nup84 complexes into a ring structure and, thus,
provide a first glimpse of potential higher-order structures of the
heptamer in the NPC (34).
To further advance our knowledge of the molecular architec-
ture and assembly of the heptameric Nup84 complex, we deter-
mined the crystal structure of the Sec13Nup145CNup84
heterotrimer, the centerpiece of the heptamer. Extending pre-
vious work in which only nucleoporin pairs were depicted, this
structure captures the association of three nucleoporins. We find
that the U-shaped solenoids of Nup84 andNup145C bind to each
other via their kink regions to form an elongated Z-shaped
assembly. Surprisingly, the Nup84 binding site of Nup145C
partially overlaps with the region that is also involved in
Sec13Nup145C homo-dimerization. We demonstrate biochem-
ically that Nup84, like Nup145C, exists in a dynamic equilibrium
between monomers and dimers in solution. Thus, binding pro-
miscuity may not only occur in Nup145C, but also in other
nucleoporins, and offers a molecular basis for structural rear-
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rangements that are necessary for the NPC to perform its
manifold functions.
Results
Structure Determination. To investigate the domain organization
of Saccharomyces cerevisiae Nup84, we performed sequence
conservation analysis and secondary structure predictions.
Nup84 is comprised of 726 residues and predicted to be an
all--helical protein that can be divided into two domains,
separated by an 30-residue linker. Accordingly, we designed a
series of expression constructs for the N-terminal domain
(NTD)—the major part of Nup84—and identified a stable
fragment composed of residues 1–460 (Fig. 1B). We refer to this
fragment as the Nup84 NTD in the remainder of the text. The
Nup84 NTD tightly interacts with the Sec13Nup145C nucleo-
porin pair, and heterotrimer formation is independent of the
unstructured N-terminal 124 residues, as well as the C-terminal
156-residue -helical region of Nup145C. Crystals of the 140-
kDa S. cerevisiae Sec13Nup145CNup84 NTD heterotrimer,
containing full-length Sec13, the Nup145C N-terminal domain
invasion motif (DIM) and -helical domain (residues 125–555),
and the Nup84 NTD, appeared in the orthorhombic space group
P212121 (Fig. 1B). The structure was solved by multiple isomor-
phous replacement anomalous scattering (MIRAS), using X-ray
diffraction data from two heavy-metal derivatives. The asym-
metric unit of the crystals harbored three copies of the
Sec13Nup145CNup84 NTD heterotrimer (Fig. S1). The struc-
ture was refined to 3.2-Å resolution to an Rcryst and an Rfree of
23.4% and 27.3%, respectively. For details of the data collection
and refinement statistics, see Table S1.
Analysis of the Oligomeric State. The Sec13Nup145C nucleoporin
pair exists in dynamic equilibrium between heterotetramers and
hetero-octamers in solution (26). Moreover, heterotetramer and
hetero-octamer formations are predominantly the result of
Nup145C and Sec13 homo-dimerization, respectively (26). To
determine the oligomerization states of the Nup84 NTD and the
Sec13Nup145CNup84 NTD complex in solution, we used an-
alytical size-exclusion chromatography, analytical ultracentrifu-
gation, andmultiangle light scattering. Both the Nup84 NTD and
the Sec13Nup145CNup84 NTD complex elute from a gel
filtration column as two peaks with apparent molecular weights
of 80/190 kDa and 215/560 kDa, respectively (Fig. S2 A and B).
The elution positions at molecular weights higher than calcu-
lated are likely due to the elongated shapes of the particles. In
fact, size-exclusion chromatography coupled with multiangle
light scattering revealed that the major Nup84 NTD peak
corresponds to a monomer (50 kDa) that exists in equilibrium
with a minor population of a dimeric state (100 kDa) (Fig.
S2C). Similar results have been obtained for the
Sec13Nup145CNup84 NTD complex that exists in equilibrium
between the heterotrimer (126 kDa) and small amounts of its
dimer (249 kDa) (Fig. S2D). Consistent with these results,
analytical ultracentrifugation corroborated the Nup84 NTD
Fig. 1. Structure of the S. cerevisiae Sec13Nup145CNup84 NTD complex. (A) Schematic representation of the heptameric complex and the approximate
localization of its seven nups (21). (B) Domain structures of Sec13, Nup145C, and Nup84. For Sec13, the six WD40 repeats (orange) are indicated. For Nup145C,
the unstructured N-terminal region (gray), the domain invasion motif (DIM) (green), theB-C connector (C) (red), the-helical domain (blue), and the C-terminal
-helical region (pink) are indicated. For Nup84, the N-terminal domain (NTD) and C-terminal domain (CTD) are indicated. The residue numbering is shown below
and the bars above the domain structures mark the crystallized fragments of the three proteins. (C) Structure of Sec13Nup145CNup84 NTD in ribbon
representation, colored as in panel B. A 90°-rotated view is shown on the right. (D) Schematic representation of the Sec13Nup145CNup84 NTD heterotrimer.
17694  www.pnas.orgcgidoi10.1073pnas.0909373106 Nagy et al.
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monomer and the Sec13Nup145CNup84 NTD heterotrimer as
the primary species in solution with molecular weights of 57
kDa and 134 kDa, respectively (Fig. S2E). Due to the small
fraction of the dimeric species in solution combined with the low
protein concentration dictated by analytical ultracentrifugation,
the dimeric species were only barely detectable by this technique.
The results of the experiments on the oligomeric states are
summarized in Table S2.
Architectural Overview. The heterotrimeric Sec13Nup145CNup84
NTD complex forms an elongated, Z-shaped assembly of approx-
imately 175 Å length and approximately 50 Å width with the
-helical solenoid domain of Nup145C at its center (Fig. 1 C and
D and Movies S1 and S2). At one end of the complex, Nup145C
invades the Sec13  propeller with its N-terminal DIM, com-
plementing the six propeller blades of Sec13 with an additional,
seventh blade. Notably, the architecture of the yeast
Sec13Nup145C heterodimer is essentially identical to that of the
chimeric complex formed between human Sec13 and yeast
Nup145C (26). At the other end of the complex, the Nup84 NTD
is attached to Nup145C and protrudes at an angle of 40° with
respect to the long axis of the Sec13Nup145C complex. The
Nup84 NTD adopts an -helical solenoid fold that is organized
in a U-shaped manner (Fig. 1D). In the Sec13Nup145CNup84
NTD complex, the two solenoid domains of Nup84 and
Nup145C interact with each other in a head-to-head orientation
via their kink regions.
The Nup84 -Helical Domain. The compact U-shaped -helical
solenoid domain of the Nup84 NTD (Fig. 2) resembles the
topology of the -helical solenoid domains of Nup145C and
Nup85, two other nucleoporins of the heptameric complex (26,
27). The majority of the Nup84 NTD  helices are arranged in
an antiparallel manner, with helices A-E forming the descend-
ing arm of the U, while helices L-Q represent the ascending
arm. In further analogy to Nup85 and Nup145C, the intervening
helices F-K in the kink region of the U form a distinct unit that
is connected with the remaining part of Nup84 NTD via two long
loops, E-F and K-L, respectively (Fig. 2). The Nup84 NTD
features another two extended connectors, C-D and H-I,
respectively. All four connectors are involved in a finger-like
binding to Nup145C to various degrees.
The Nup84 NTD surface has a striking negative surface
potential, similar to other members of the heptamer (24–27)
(Fig. 3). Two of the few conserved hydrophobic patches fall into
the area that contacts Nup145C, and are located toward the
periphery of the extended interface (Fig. 3 and Fig. S3). The
Fig. 2. The Nup84 -helical domain. Ribbon representation of the Nup84 NTD is shown in rainbow colors along the polypeptide chain from the N- to the C-
terminus. The four loops that participate in the Nup145CNup84 interaction are indicated.
Fig. 3. Surface properties of the Nup84 NTD. The surface orientations are
identical in all columns. A black line encircles the Nup145C interaction surface.
(A) Surface rendition of the Nup84 NTD. The Nup145C contact surface is
colored in blue, while the remaining surface is colored in yellow. As a refer-
ence, a surface rendition of the heterotrimer is shown to the left, colored
according to Fig. 1C. (B) Surface representation colored according to a mul-
tispecies sequence alignment, ranging from 60% similarity (white) to 100%
identity (red) (Fig. S4). (C) Surface rendition colored according to the electro-
static potential, ranging from 10 kBT/e (red) to  10 kBT/e (blue). Note the
two conserved hydrophobic patches located toward the periphery of the
extended Nup145C-interacting surface.
Nagy et al. PNAS  October 20, 2009  vol. 106  no. 42  17695
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Nup145C binding area of Nup84 NTD is the largest contiguous
conserved region on Nup84 NTD, consistent with its role in
Nup145C binding (Fig. 3). Various smaller conserved patches
are distributed over the entire Nup84 NTD surface.
The Nup145CNup84 Interface. The Nup84 NTD and the
Sec13Nup145C nucleoporin pair associate with each other via
the kink regions of their U-shaped solenoid domains (Fig. 4). The
interaction is primarily mediated by a hydrophobic patch that is
formed by helices H and I of Nup84. The two helices bind into
a surface groove on Nup145C that is generated by helices G, H,
I, and J, burying approximately 1,400 Å2 of surface area. This
core interface is augmented by four Nup84 loops, with major
contributions from the E-F and H-I and minor contributions
from the C-D and K-L connectors, burying an additional
1,300 Å2 of surface area. While the H-I loop contacts the long
bent helixEofNup145C, theE-F loop folds into a compact coil
structure that contacts the side of theNup145C kink region (Fig. 4).
In total, 2,700 Å2 of surface area are buried between the two
proteins. In accordance with the extensive interactions between the
Sec13Nup145Cpair and theNup84NTD, the dissociation constant
as determined by isothermal titration calorimetry amounts to
approximately 7 nM (Fig. S4).
Although the four surface loops contribute to the interface,
they appear to play a minor role in the association between the
two proteins, since the alteration of the electrostatic character of
two key Nup84 residues (I206D andM210D), located in helix H
in the central hydrophobic interface, abolishes the interaction
with Nup145C (35). Likewise, a variant of Nup145C in which
three residues in helix H are mutated (V320E, S323E, and
Y324A) fails to interact with Nup84 (35).
Binding Promiscuity of Nup145C. In absence of Nup84, the
Sec13Nup145C nucleoporin pair can oligomerize into a hetero-
octameric bent pole with comparable dimensions to the hetero-
octameric Seh1Nup85 assembly (26, 27) (Fig. 5A). Oligomer-
ization of Sec13Nup145C is facilitated by homo-dimerization of
Sec13 and Nup145C. The homo-dimerization of Nup145C is
mediated by a large conserved and hydrophobic surface located
in the kink region of the Nup145C solenoid that buries approx-
imately 2,700 Å2 of surface area (Fig. 5B). The Nup145C
dimerization interface features a 2-fold rotational symmetry and
is generated by the long bent helix E and the small subdomain
at the base of the U-shaped solenoid (helices F–J). Strikingly,
Nup145C utilizes the same structural elements for Nup84 NTD
binding so that the Nup84 binding site partially overlaps with
the Nup145C homo-dimerization region (Fig. 5B). While the
Nup145CNup145C interaction engages both helix E and the
subdomain, the Nup145CNup84 interaction primarily occurs via
the subdomain. These findings suggest that Nup145C homo-
dimerization and Nup145CNup84 hetero-dimerization are com-
peting binding events.
Upon Nup84 binding, conformational changes occur in
Nup145C (Fig. S5). While Sec13 and the upper part of the
U-shaped Nup145C solenoid form a rigid unit that is not
perturbed by the binding of Nup84, the subdomain at the base
Fig. 4. Interaction of the Nup84 NTD with the Nup145C solenoid domain.
The Sec13Nup145CNup84 NTD heterotrimer is shown in ribbon representa-
tion, colored according to Fig. 1C. The kink regions of the two solenoids
interact in a head-to-head fashion. The Nup84 NTD protrudes with an approx-
imate 40° angle from the Nup145C U-shaped solenoid. The inset marks the
Nup145CNup84 interface that is illustrated in detail on the right. For clarity,
the interface shown on the right is rotated by 90°. For Nup145C, the solenoid
subdomain (blue) and helix E (green) are indicated. For Nup84, the interface
helices (yellow), as well as the long E-F (red) and H-I (magenta) connec-
tors that mediate the interaction with Nup145C are indicated.
Fig. 5. Binding promiscuity of Nup145C. (A) Surface rendition of the
Sec13Nup145C nucleoporin pair derived from the Sec13Nup145C hetero-octamer
(Nup145CNup145C homo-dimerization) and the Sec13Nup145CNup84 NTD het-
erotrimer (Nup145CNup84 NTD hetero-dimerization). The Nup145C homo-
dimerization and hetero-dimerization surfaces are colored in green and yellow,
respectively. The Sec13 and the remaining Nup145C surfaces are colored in orange
and blue, respectively. (B) 90°-rotated views of the Sec13Nup145C pair colored
accordingtopanelA (top), toamultispecies sequencealignment, rangingfrom60%
similarity (white) to 100% identity (red) (26) (middle), and to the electrostatic poten-
tial, from10 kBT/e (red) to10 kBT/e (blue). The orientation of all surface repre-
sentationsis identical ineachcolumn.Asareference,blacklinesencircletheNup145C
homo-dimerization and Nup84-interaction surfaces.
17696  www.pnas.orgcgidoi10.1073pnas.0909373106 Nagy et al.
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of the solenoid undergoes a rigid body rotation by approximately
6° around the kink in the bent helix E. This rotation translates
into a lateral shift of the subdomain residues that participate in
the interaction with Nup84 by approximately 2 Å. Overall the
two Sec13Nup145C structures superimpose with a root-mean
square deviation of approximately 1.5 Å over 646 C atoms.
Docking of Crystal Structures Into the EM Envelope of the Heptamer.
The overall shape of the Nup84 complex and the approximate
location of its seven components was established by two-
dimensional negative-stain EM in conjunction with protein-
protein interaction studies (21). In a recently established three-
dimensional negative-stain EM reconstruction of the heptamer
marked flexibility at two hinge regions was revealed and two
distinct conformations were determined (23). Moreover, the
known crystal structures of its components, the Sec13Nup145C
pair, Seh1Nup85 pair, the human Nup107 CTDNup133 CTD
complex (Nup107 is the homolog of Nup84), and the human
Nup133 NTD were docked into the EM envelope (23).
Here, we have fitted crystal structures of Sec13Nup145CNup84
NTD, a large Nup120 fragment (34), the Seh1Nup85 pair (27), the
human Nup107 CTDNup133 CTD complex (25), and the human
Nup133NTD (34) into the EMenvelopes of the two conformations
(Fig. 6). Nup120 can be docked into both conformers and fits well
into the larger of the two upper arms, with the  propeller domain
at the end of the arm, and the -helical domain directed toward the
heptamer center. The position of the  propeller coincides with the
donut-shaped density observed in the negative-stain structure (23).
While the overall Z-shape of the Sec13Nup145CNup84 NTD
heterotrimer confirmed the approximate placement of the
Sec13Nup145C pair into the heptamer, it only fits snugly into one
of the two determined conformations of the heptamer (Fig. 6 and
Movie S3). The approximate 40° angle by which Nup84 NTD
protrudes from Nup145C nicely follows one of the two hinges
(hinge 1) in the heptamer stem. The comparison with the second
conformation, in which the heptamer stem is almost entirely
straight, requires an approximate 40° rotation of Nup84 in the
Nup145CNup84 interface region (Fig. 6). In one scenario, the
Nup145C solenoid subdomain may rotate as a rigid body together
with Nup84, leaving the core of their interface intact (Fig. 4).
Alternatively, the different conformations may be achieved by
substantial structural changes or rearrangements at the
Nup145CNup84 interface. However, the three independent
Sec13Nup145CNup84 complexes in the crystal align with an rmsd
of 1.5 Å over 1,098 C atoms, indicating that the observed
heterotrimer conformation is not affected by crystal packing.
Hence, the molecular basis of the flexibility awaits further
elucidation.
Discussion
In an effort to advance our understanding of the architecture of
the NPC, we determined the crystal structure of the
Sec13Nup145CNup84 NTD heterotrimer, a centerpiece of the
evolutionarily conserved heptameric Nup84 complex. The struc-
ture extends previous work in which only two interacting nucleo-
porins were depicted. The docking of the heterotrimer and
crystal structures of the other heptamer components into EM
envelopes now provides a nearly complete atomic picture of the
Nup84 complex. In combination with biochemical and biophys-
ical analyses of the heterotrimer and its components, these data
suggest that substantial structural rearrangements can occur
within the heptamer.
The structure of Nup84 NTD revealed an -helical domain
with a U-shaped topology. Nup84 binding to the Sec13Nup145C
nucleoporin pair is achieved by the head-to-head interaction of
the two kink regions of the U-shaped solenoids of Nup145C and
Nup84. A comparison of the Sec13Nup145CNup84 NTD struc-
ture with three-dimensional EM structures of the heptamer
shows that structural rearrangements or alterations are likely to
occur at the Nup145CNup84 interface region to explain the
flexibility of the heptamer stalk. However, it is not clear yet
whether—and if so which one of—these heptamer conforma-
tions exist in vivo and to what extent the presence of other nups
affect its conformation in the assembled NPC.
The Nup84-binding site partially overlaps with the Nup145C
homo-dimerization region that was identified in the
Sec13Nup145C crystal structure (26). In the absence of Nup84,
the dimerization of Nup145C and Sec13 leads to the formation
of a hetero-octamer (26). Intriguingly, we find that Nup84 NTD,
like Nup145C, exists in a dynamic equilibrium between mono-
mers and dimers in solution. Given that these proteins homo-
dimerize despite more than a billion years of evolution, these
self-associations are likely to be physiologically relevant. This
finding then raises the question, at which stage the various
assembly states occur: during synthesis and/or storage in the
cytoplasm, during NPC assembly, or in the assembled NPC as
functional intermediates. For example, Nup84 binding to the
Nup145C homo-dimerization region in a chaperone-like fashion
may be required to prevent oligomerization of the heptamer in
the cytoplasm, and may be altered by adjacent nucleoporins
Fig. 6. Protein arrangement within the heptameric complex. (A) Docking of crystal structures into the EM envelope of the heptameric Nup84 complex. A
90°-rotated view is shown on the right. The approximate 40° angle by which the Nup84 NTD protrudes from the Sec13Nup145 nucleoporin pair nicely follows
one of the two kink regions of the heptamer stem. (B) EM envelope of the second reconstructed conformation of the heptamer in which the two hinge regions
are completely extended, forming an almost entirely straight stem. (C) Superposition of the two determined heptamer conformations. The kink region at the
Nup145CNup84 interface is indicated and was used for the structural alignment, showing that this interface corresponds to a hinge in the heptamer stem.
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during assembly and/or function of the NPC (36). Alternatively,
the Nup145CNup84 interaction could be required for capping of
the coat for the nuclear pore membrane at the peripheral rings
(26, 27, 34). Notably, the binding promiscuity of Nup145C is a
complicating factor for in vivo analyses, in which the common
binding surface is mutated, as it cannot be discerned which of the
alternate oligomerization states is responsible for the resulting
phenotypes. Promiscuous binding events as described here for
Nup145C potentially also exist in other nucleoporins, and have
already been demonstrated to occur in Sec13 (26, 29).
Structural changes of the central channel have been proposed
and described to occur during nucleocytoplasmic transport
(37–39). By contrast, a detailed molecular description of com-
parable changes in the peripheral part of the NPC core is thus
far lacking, although large structural rearrangements must occur
during the import of integral membrane proteins to the inner
nuclear membrane (8). Since the import of the membrane-
embedded cargo is mediated by soluble transport factors that
travel through the central channel (8), the core of the NPC must
slice open during this process.
Crystallographic analyses of nucleoporin oligomers have so far
provided valuable snapshots. The acquisition of more still frames,
and of oligomers of even higher order, can be expected to yield a
more thorough understanding of the dynamics of assembly and
function of this most versatile of transport organelles.
Short Methods. The details of molecular cloning, expression,
purification, crystallization, X-ray diffraction data collection,
structure determination, protein interaction analysis, isothermal
titration calorimetry, multiangle light scattering, analytical ul-
tracentrifugation, and docking of crystal structures into the EM
map of the heptamer are described in the SI Text. In short, the
Nup84 NTD was expressed by using a pET28a vector modified
to contain a PreScission protease-cleavable N-terminal hexa-
histidine tag (40). The Sec13Nup145C complex was expressed
using the bicistronic pETDuet-1 (Novagen) expression vector.
Recombinant proteins were purified using several chromato-
graphic techniques. Initial phases were determined using a
[Ta6Br12]2 cluster derivative and SAD measurements (40–42).
Combined phasing using isomorphous K2OsO4 and SeMet SAD
and native datasets was carried out in SHARP (43), followed by
density modification in DM (44), with solvent flattening, histo-
gram matching, and NCS averaging. Data collection and refine-
ment statistics are summarized in Table S1.
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